Abstract -Serial affinity chromatography by the use of immobilized lectin columns whose binding specificities have been precisely determined is a very sensitive and rapid method for the fractionation and structural assessment of oligosaccharides and glycopeptides. In this article, a possible scheme for separating a mixture of asparagine-linked glycopeptides is discussed with reference to the recent knowledge about the sugar-binding specificity of each lectin column.
INTRODUCTION
A plant hemagglutinin was first discovered in the seeds of Ricinus communis (castor beans) by Stillmark in 1888 (ref. 1). Afterwards a number of hemmagglutinins were found in various plant seeds, but they were generally considered to be nonspecific materials agglutinating animal erythrocytes irrespective of species and blood types. Boyd and Reguera (ref. 2) and Renkonen (ref. 3) undertook systematic screening of the extracts of hundreds kinds of plant seeds for blood group-specific agglutinating activity and discovered many blood group specific plant hemagglutinins. These discoveries led to the general concept that each plant hemagglutinin binds specifically to a certain structure on erythrocytes. Boyd gave the term "lectin" to these hemagglutinins (ref. 4) . In 1952, Watkins and Morgan first reported that sAmple sugars are capable of inhibiting blood group specific lectins (ref. 5 ) , and later, Makela divided simple sugars into four groups based on the configuration of the hydroxyl groups at C-3 and C-4 of the simple sugars and indicated the lectins that could be inhibited by each group of sugars (ref. Table 1 .
It has been almost 20 years since the importance of the studies on molecular mechanisms of various cell sociological phenomena began to be emphasized, and a number of recent studies suggested that glycoconjugates on the cell surface account for a great number of surface markers of the cells in various differentiation stages and with various functions. Furthermore, it has become apparent that these cell-surface markers control and determine cell-ligand and cell-cell interactions in many important cellular phenomena. In order to clarify the molecular mechanisms of these cellular phenomena and to study the changes in cell-surface characteristics during differentiation, elucidation of the structure of the sugar chains of these membrane glycoconjugates is indispensable. However, in most cases, membrane glycoconjugates are very difficult to isolate in sufficient quantities for structural studies by conventional methods. Moreover, these glycoconjugates usually exhibit microheterogeneity in the structure of their carbohydrate moieties.
Since each lectin binds specifically to a certain sugar structure, these lectins have been widely used for histochemical detection of sugars on the cell surface. In these studies, the results have often been correlated simply with the specificities of lectins disclosed by hapten inhibition assays with simple sugars used as inhibitors. However, the results of such assays cannot always be correlated with the structure of the binding sites on the cell surface.
We can divide the structure of the sugar chains of cell surface glycoproteins into two groups termed serine ( o r threonine)-linked sugar chains (mucin-type sugar chains) and asparagine-linked sugar chains. The latter group is further subdivided into three groups termed the high-mannose-type, complex-type and hybrid-type. Typical examples of these sugar chains are shown in Fig. 1 .
From the results of hemagglutination-inhibition assays using various simple sugars and oligosaccharides as hapten inhibitors (refs. 7-10), we divided the lectins into three groups based on the type of sugar chains to which they preferentially bind as shown in Table 2 . Recent investigations on binding specificities of various lectins indicate that even the lectins in the same group in Table 2 often bind to different sugar sequences in the same sugar chain. Detailed information on the structure of the sugar sequence which a lectin preferentially recognizes can best be obtained by the use of affinity chromatography on a column on which the lectin is immobilized.
Furthermore, many attempts have recently been made to fractionate and purify oligosaccharides, and glycoconjugates by affinity chromatography by the use of immobilized lectin columns. The use of a series of different lectin columns whose binding specificities have been precisely elucidated enables u s to fractionate a very small amount of radiolabeled oligosaccharide or glycopeptide (ca 10 ng depending on the specific activity) into structurally distinct groups, and to obtain a general picture of their structure, which make the subsequent structural study much easier.
In this review, I summarize the recent knowledge about the sugar-binding specificities of various immobilized lectin columns and discuss the application of those immobilized lectin columns to the fractionation and the structural study of various oligosaccharides and glycopeptides.
LECTINS WHICH DISCRIMINATE THE TYPE OF SIALYLATED SEQUENCES O N GLYCOCONJUGATES
In many glycoconjugates sialic acid is a major terminal sugar, being bound to other sugars in a variety of linkages. The sialylated sequences most commonly found in glycoconjugates are: Siaa2-3GalBl-4GlcNAc-, Siaa2-6Galgl-4GlcNAc-, Siaa2-3Galgl-3GlcNAc-, Siaa2-3Galgl-3GalcNAc and Siaa2-6GalNAc-. as t h e horseshoe c r a b Limulus polyphemus ( r e f . ll), t h e I n d i a n horseshoe c r a b Carcinoscorp i u s r o t u n d a cauda ( r e f s . 1 2 , 1 3 ) , t h e s l u g L i m a x f l a v u s ( r e f . 1 4 ) , t h e s n a i l Cepaea h o r t e n s i s , ( r e f . 1 5 ) , t h e marine c r a b Cancer a n t e n n a r i u s ( r e f . 1 6 ) and t h e b e e t l e Allomyrina dichotoma ( r e f . 1 7 ) . Also among p l a n t l e c t i n s , wheat germ a g g l u t i n i n ( r e f s . 18, 19), e l d e r b e r r y (Sambucus n i g r a L . ) b a r k l e c t i n ( r e f s . 20, 21) and Maackia amurensis l e c t i n ( r e f s . 22, 23) a r e known t o have s t r o n g a f f i n i t y f o r s i a l i c a c i d -c o n t a i n i n g s u g a r sequences.
However, most of them c a n n o t d i s c r i m i n a t e among t h e t y p e s of s i a l y l a t e d sequences. 
A s f o r t h e d i s t i n c t i o n between s i a l i c a c i d -c o n t a i n i n g much-type
and complex-type g l y c o p e p t i d e s , an a f f i n i t y column p r e p a r e d with a l e c t i n , allo-A, which was i s o l a t e d from hemolymph o f a b e e t l e (Allomyrina dichotoma) ( r e f . 24 Phaseolus v u l g a r i s ( r e d kidney bean) e r y t h r o a g g l u t i n a t i n g and l e u k o a g g l u t i n a t i n g l e c t i n s a r e p r i n c i p a l l y g a l a c t o s e -b i n d i n g l e c t i n s f o r which t h e most e s s e n t i a l s t r u c t u r e f o r b i n d i n g i s t h e GalB1-4GlcNAcgl-ZMan s u g a r sequence ( r e f . 9 ) . However, Green and Baenziger ( r e f . 26 ) r e c e n t l y r e p o r t
) f i r m l y b i n d s o l i g o s a c c h a r i d e s or g l y c o p e p t i d e s c a r r y i n g t h e s i a l y l a t e d Galgl-4GlcNAc s u g a r sequence i r r e s p e c t i v e o f whether t h e t y p e of t h e s i a l y l a t e d sequence i s a2-3 or a2-6, b u t t h i s l e c t i n column c a n n o t bind mucin-type g l y c o p e p t i d e s c o n t a i n i n g t h e s i a l y l a t e d Galgl-3GalNAc s u g a r sequence. Among t h e 8-galactose-binding l e c t i n s , R i c i n u s communis a g g l u t i n i n I (RCA1
t y p e s of s u g a r c h a i n s t o which i n d i v i d u a l l e c t i n s p r e f e r e n t
e d t h a t both l e c t i n columns r e t a r d o l i g o s a c c h a r i d e s b e a r i n g a 2 4 -b u t n o t a Z A -l i n k e d s i a l i c a c i d .

SEPARATION OF ASIALO ASPARAGINE-LINKED GLYCOPEPTIDES BY M E A N S OF AFFINITY CHROMATOGRAPHY O N VARIOUS LECTIN C O L U M N S
There a r e s e v e r a l t y p e s o f a s p a r a g i n e -l i n k e d s u g a r c h a i n s as shown i n F i g . 1, and i n many c a s e s a mixture of a v a r i e t y of t h e s e s u g a r c h a i n s e x i s t s i n t h e same g l y c o p r o t e i n molecule. T h e r e f o r e , e f f i c i e n t methods f o r s e p a r a t i n g t h e s e a s p a r a g i n e -l i n k e d s u g a r c h a i n s a r e i n d i s p e n s a b l e f o r e l u c i d a t i o n o f t h e s t r u c t u r a l and f u n c t i o n a l a s p e c t s of t h e s e s u g a r c h a i n s . I n t h e f o l l o w i n g p a r t o f t h i s a r t i c l e , a p o s s i b l e scheme f o r s e p a r a t i n g a m i x t u r e of a s p a r a g i n e -l i n k e
d g l y c o p e p t i d e s ( F i g . 2 ) is d i s c u s s e d with r e f e r e n c e t o t h e d e t a i l e d s p e c i f i c i t y of each l e c t i n column t o f a c i l i t a t e u n d e r s t a n d i n g t h e u e o f t h e l e c t i n . I n t h i s scheme, a l l g l y c o p e p t i d e s i n F i g . 2 t o b e s e p a r a t e d a r e N-[ H I -a c e t y l a t e d a s i a l o g l y c o p e p t i d e s .
L e c t i n s for s t e p 1 -s e p a r a t i o n o f b i a n t e n n a r y complex-type, hybrid-type and h i g h mannoset y p e g l y c o p e p t i d e s from t r i a n t e n n a r y complex-type g l y c o p e p t i d e s The m i x t u r e of g l y c o p e p t i d e s i n F i g . 2 can be f i r s t s u b j e c t e d t o a f f i n i t y chromatography on a column of Con A-agarose. ( t r i a n t e n n a r y complex-type) p a s s through t h e column w i t h o u t any r e t a r d a t i o n , whereas t h e g l y c o p e p t i d e s p o s s e s s i n g two p e r i p h e r a l Gal-GlcNAc c h a i n s l i n k e d t o C2 of o u t e r mannose r e s i d u e s (11, I I I ) , and b o t h t h e g l y c o p e p t i d e s having t h e hybrid-type ( I X ) and t h e high-mannose-type (I) s u g a r c h a i n a r e r e t a i n e d by t h e column. The g l y c o p e p t i d e ( V I I I ) w i t h a b i s e c t e d b i a n t e n n a r y complex-type s u g a r c h a i n i s i n t h e passed-through f r a c t i o n ( r e f . 3 0 ) . 
i n comparison w i t h t h o s e f o r b i n d i n g t o Con
Aa g a r o s e . B a s i c a l l y , l e n t i l , pea and f a v a l e c t i n s a l l r e q u i r e two u n s u b s t i t u t e d o r 2-0-substituted a-mannopyranosyl r e s i d u e s f o r t i g h t b i n d i n g . However, i n c o n t r a s t t o Con A , l e n t i l and p e a l e c t i n s were found t o bind t r i a n t e n n a r y complex-type g l y 
Gall-@4GlcNAcl~2Manl~ 6
Gall~4GlcNAcl~2Manl/3 a 6Manl~4GlcNAcl~4GlcNAc
Gall~4GlcNAcl-@2Manl<
Gall-@4GlcNAcl-@2Man1~3
a %nl-@4GlcNAc1~4GlcNAc-Asn Interaction of various oligosaccharides and glycopeptides with Con A-agarose, lentil lectin-agarose, pea lectin-agarose and fava lectin-agarose C-6 as glycopeptide g in Fig. 3 or glycopeptide VI or VII in Fig. 2 (ref. 33) . Furthermore, as shown in Fig. 3 , the presence of an al-6-linked fucose at the innermost GlcNAc residue in the core is essential for the tight binding of a glycopeptide to lentil, pea and fava lectin, but not for binding to Con A (refs. 33, 36) . Subtle differences in binding specificity were found among lentil, pea and fava lectin columns (refs. 34, 35) . Even an asparagine residue is required for high-affinity binding to immobilized pea and fava lectins, but not for binding to the immobilized lentil lectin which requires an intact GlcNAc residue at the reducing end for tight binding in the case of complex-type oligosaccharides.
Thus, when a mixture of glycopeptides I1 and I11 (Fig. 3) which are eluted from a Con A column with 15 mM aMM is applied to a column of immobilized lentil, pea or fava lectin, the glycopeptide I11 which has a fucose residue on the innermost GlcNAc residue in the core binds tightly to the column and is separated from glycopeptide I1 which does not have a fucose residue in the core. However, if radioactive oligosaccharides which are prepared by hydrazinolysis or digestion with a peptide:N-glycosidase of glycoproteins followed by reduction with NaB H4 a r e to be separated, immobilized Aleuria aurantia lectin (AAL) which interacts with an a-fucosyl residue at the innermost GlcNAc residue (refs. 37, 38) should be used, since an intact innermost GlcNAc residue is required for tight binding to the lentil lectin-agarose and even an asparagine residue is necessary for tight binding to pea or fava lectin-agarose.
Lectins for step 4 -separation of a hybrid-type glycopeptide Glycopeptides I and IX (Fig. 2) which are eluted from a Con A-agarose column with 200 mM aMM may be separated from each other by use of a wheat germ agglutinin (WGA)-agarose column. A hybrid-type glycopeptide (IX) is retained by the column and a high mannose-type glycopeptide (I) passes through the column.
WGA is classified under di-N-acetylchitobiose-binding lectins (Table 11 , and WGA-agarose has been widely used for the purification of many glycoproteins and glycopeptides, but structural requirements for the binding to an immobilized WGA column were poorly understood for a long time. Most complex-type and high mannose-type glycopeptides are not bound by a WGA-agarose column in spite of the presence of a di-N-acetylchitobiose moiety in their core portion (ref. 39).
Yamamoto et al. (ref. 39) tested various glycopeptides and their partially degraded products for binding to a column of WGA-agarose and found that the GlcNAc~l-4Man8l-4GlcNAc~l-4GlcNAc-Asn structure, in which the terminal GlcNAc residue originates from a bisecting GlcNAc residue, is essential for tight binding of glycopeptides to a WGA-agarose column. Therefore, most hybrid-type glycopeptides which have a bisecting GlcNAc residue are retained by or at least retarded on a WGA-agarose column. However, if the glycopeptide has an a-fucosyl residue at the innermost GlcNAc residue as in the case of a complex-type glycopeptide (glycopeptide VIII in Fig. 2) found in glycophorin A of human erythrocytes (ref. 4 0 ) , the glycopeptide can be retained by the column only after removal of the a-fucosyl residue. Incidentally, most hybrid-type glycopeptides contain the bisecting GlcNAc residue, but do not have the a-fucosyl residue in the core. A WGA-agarose column is, therefore, suited for the separation of hybrid-type glycopeptides. E-PHA-agarose was also found to bind bisected complex-type glycopeptides (refs. 40, 41) , but in this case, one of the outer Man residues which links al-6 to the inner 8-Man residue should not be substituted (ref. 42 ). Since most hybrid-type glycopeptides have a substitution on the Man al-6 residue, these glycopeptides cannot interact with the E-PHA-agarose.
Recently, another important sugar-binding specificity of WGA-agarose was reported by Gallagher et a1 (ref. 43) . They found that a WGA-agarose column binds poly(N-acetyllactosamine)-type glycans (Fig. 4 Lectins for step 5 -separation of a triantennary complex-type glycopeptide with a bisecting GlcNAc As already discussed, a bisecting GlcNAc residue that links 81-4 to the 8-linked mannose residue in the core of an asparagine-linked glycopeptides is an important determinant for high-affinity binding to E-PHA agarose. A complex-type glycopeptide with a bisecting GlcNAc residue can be retained by or retarded on an E-PHA agarose column irrespective of the presence or absence of a fucose residue at the innermost GlcNAc residue in the core on condition that Galgl-4GlcNAc8l-2ManOl-6 chain should not be substituted or modified (ref. 42) . Therefore, the tetraantennary complex-type sugar chain with a bisecting GlcNAc residue does not interact with E-PHA-agarose, because the Manal-6 residue is substituted by another outer chain. However, the bisected biantennary complex-type glycopeptide VIII in Fig. 2 can be separated by use of an E-PHA agarose column.
r a-fucosyl r e s i d u e i n t h e c o r e and c o n t a i n an o u t e r mannose r e s i d u e s u b s t i t u t e d a t p o s i t i o n s C-2 and C-6 ( r e f . 33). T h e r e f o r e , g l y c o p e p t i d e V I I can be s e p a r a t e d i n one s t e p , by u s e o f a l e n t i l l e c t i n -a g a r o s e column from a m i x t u r e o f g l y c o p e p t i d e s I V -V I I i n F i g . 2 which p a s s t h r o u g h t h e E-PHA a g a r o s e column.
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L-PHA a g a r o s e s t r o n g l y i n t e r a c t s w i t h t r i a n t e n n a r y and t e t r a a n t e n n a r y complex-type
p e p t i d e I V i n t h e e x i s t e n c e of a n a-fucosyl r e s i d u e a t t h e innermost GlcNAc r e s i d u e i n t h e c o r e . A fucose-binding l e c t i n , AAL, i s o l a t e d from f r u i t i n g b o d i e s o f A l e u r i a a u r a n t i a ( r e f . 37) most s t r o n g l y i n t e r a c t s w i t h t h e complex-type o l i g o s a c c h a r i d e s and g l y c o p e p t i d e s w i t h an a-fucosyl r e s i d u e a t t h e innermost GlcNAc r e s i d u e i r r e s p e c t i v e of t h e p r e s e n c e o r t h e number of o u t e r c h a i n m o i e t i e s (ref. 38) . T h e r e f o r e g l y c o p e p t i d e V can be most e a s i l y s e p a r a t e d from g l y c o p e p t i d e I V by t h e u s e of an AAL-agarose column. However, g l y c o p e p t i d e V c a n n o t i n t e r a c t w i t h a l e n t i l l e c t i n -a g a r o s e column because, i n t h i s t r i a n t e n n a r y g l y c o p e p t i d e , one of t h e o u t e r mannose 
r a c t s even w i t h a n a-fucosyl r e s i d u e i n t h e p e r i p h e r a l p o r t i o n o f t h e complex-type s u g a r c h a i n , and t h e r e f o r e , when t h i s l e c t i n column i s used f o r t h e s t r u c t u r a l assessment of g l y c o p e p t i d e s , c o n s i d e r a b l e a t t e n t i o n should b e p a i d on t h e r a t h e r broad s p e c i f i c i t y o f t h i s l e c t i n column i n t h e i n t e r p r e t a t i o n of t h e r e s u l t s o b t a i n e d . A c t u a l l y , t h e o l i g o s a c c h a r i d e s w i t h Fucal-2Galgl-4GlcNAc o r Galgl-4(Fucal-3)GlcNAc g r o u p s i n t e r a c t e d w i t h AAL-agarose, b u t l e s s s t r o n g l y t h a n d i d complex-type o l i g o s a c c h a r i d e s w i t h a f u c o s y l a t e d c o r e . Lacto-N-fucopentaitol
11, which h a s a Galgl-3(Fucal-4)GlcNAc g r o u p , i n t e r a c t e d less s t r o n g l y t h a n t h e above two groups. However, t h e o l i g o s a c c h a r i d e s w i t h Fucal-2Galgl-3GlcNAc o r Galgl-4GlcNAcgl-3Galgl-4(Fucal-3)GlcNAc groups showed a l m o s t no i n t e r a c t i o n w i t h t h e immobilized l e c t i n ( r e f . 38). Furthermore, t h e r a t h e r l i m i t e d a v a i l ab i l i t y of AAL impedes t h e a p p l i c a t i o n of t h i s l e c t i n t o g l y c o p r o t e i n c h e m i s t r y , and I f e e l t h a t o t h e r l e c t i n s which s t r o n g l y i n t e r a c t w i t h an a-fucosyl r e s i d u e i n t h e c o r e p o r t i o n of a s p a r a g i n e -l i n k e d g l y c o p e p t i d e s should b e e x p l o r e d .
SPECIFICITIES OF IMMOBILIZED LECTIN C O L U M N S PREPARED F R O M CHAINS LECTINS WHICH PREFERENTIALLY BIND TO MUCIN-TYPE SUGAR
Immobilized l e c t i n columns p r e p a r e d from l e c t i n s t h a t p r e f e r e n t i a l l y bind t o mucin-type s u g a r c h a i n s such as t h o s e l i s t e d i n Table 2 
) . On t h e b a s i s of t h e i r r e s u l t s , t h e y d i v i d e d t h o s e l e c t i n s i n t o two groups w i t h r e s p e c t t o r e a c t i v i t y w i t h t y p i c a l mucin-type g l y c o p e p t i d e s Galgl-3GalNAcal-Ser/Thr
and GalNAcal-Ser/Thr. One group, which c o n s i s t s of Agaricus b i s p o r u s (mushroom) l e c t i n (ABA-1) , Arachis hypogaea ( p e a n u t ) l e c t i n (PNA) and Bauhinia p u r p u r e a l e c t i n (BPA), p r e f e r e n t i a l l y b i n d s t o Galgl-3GalNAcal-S e r / T h r , and t h e o t h e r , which c o n s i s t s o f G l y c i n e max (soybean) l e c t i n (SBA) and Vicia v i l l o s a l e c t i n (VVA-B4), shows h i g h e r a f f i n i t y f o r GalNAcal-Ser/Thr t h a n f o r G a l g l3GalNAcal-Ser/Thr.
Among t h e immobilized l e c t i n columns t e s t e d , o n l y ABA-1-agarose r e t a i n e d a s i a l y l a t e d g l y c o p e p t i d e , which was p r e p a r e d from human e r y t h r o c y t e g l y c o p h o r i n A and c o n t a i n s t h r e e t e t r a s a c c h a r i d e c h a i n s having t h e s t r u c t u r e of NeuAca2-3Galgl-3(NeuAca2-G)GalNAca-.
A s shown i n T l e
, t h e a s s o c i a t i o n c o n s t a n t of ABA-1-agarose f o r t h i s o l i g o s a c c h a r i d e was 1.5 x 1 3 M -' .
The o t h e r f o u r l e c t i n columns d i d n o t s i g n i f i c a n t l y i n t e r a c t w i t h t h i s s i a l y l a t e d g q c o p e f t i d e and t h e i r a s s o c i a t i o n c o n s t a n t s f o r t h e g l y c o p e p t i d e were below 5.0 x 10 M-. However, a f t e r d e s i a l y l a t i o n , t h e r e s u l t i n g g l y c o p e p t i d e b e a r i n g Galgl-3GalNAcal-Ser/Thr c h a i y ~9 s r e t a r d e d on t h e immobilized PNA and BPA columns w i t h a s s o c i a t i o n c o n s t a n t s of 8 . 6 x 10 M On t h e o t h e r hand, t h e i n t e r a c t i o n s o f t h e desJal@ated g l y c o p e 3 t i C . w i t h t h e immobilized SBA and WA-B were s t i l l very weak (Ka:1.2 x 10 M and 2 . 5 x 10 M , r e s p e c t i v e l y ) . F u r t h e r removal of g a l a c t o s e r e s i d u e s from t h e d e s i a l y l a t e d g l y c o p e p t i d e r e s u l t e d i n s i g n i f i c a n t d e c r e a s e s i n t h e a s s o c i a t i o n c o n s t a n t s of t h e immobilized ABA-I and PNA, b u t t h e absence of and 2.4 x lo5 M-', r e s p e c t i v e l y . 
. 5 x 103
t h e 8 -g a l a c t o f y l f e s i d u e d i d n o t markedly a f f e c t t h e i n t e r a c t i o n w i t h t h e immobilized BPA (Ka: 2.0 x 10 M-) ar$ s i n i f i c a n t l y e n h a y e d t h e i n t e r a c t i o n w i t h t h e immobilized SBA and WA-B4 (Ka: 9 . 4 x 10 M and 2.5 x 1 0 M-, r e s p e c t i v e l y ) . The d i f f e r e n c e between SBA-agarose and VVA-B -agarose was t h a t t h e former p r e f e r e n t i a l l y i n t e r a c t e d w i t h t h e GalNAcal-3Galgl-3GalNAc-R s u g a r sequence, while t h e l a t t e r was h i g h l y s p e c i f i c f o r t h e GalNAcal-Ser/Thr s t r u c t u r e (Tn a n t i g e n i c s t r u c t u r e ) . A more d e t a i l e d review on t h e sugar-binding s p e c i f i c i t i e s o f immobilized l e c t i n columns was r e c e n t l y p u b l i s h e d by u s ( r e f . 48).
